Poland, were invited to participate in the study by the Scientific Students' Group via social media. The first 60 students were enrolled to the study and were randomly assigned in a 1:1 ratio using a computer -generated random allocation sequence to the C -eL or S -eL groups. C -eL students were further randomly divided into 6 subgroups of 5 students each.
Pretest Before starting the e -learning course, all students were gathered together in a lecture room and instructed about the study protocol. During the meeting, students signed an informed consent to be included in the study and then participated in a pretest assessing their basic theoretical knowledge on ECG interpretation. The pretest consisted of 10 questions about the reference values of the PR interval, heart rate, definition of respiratory sinus arrhythmia, types of supraventricular arrhythmias, mechanism of the QRS complexes, PQ interval, and conduction blocks, assessment of the electrical axis of the heart, and nomenclature connected with ECG leads. Each student could achieve a maximum score of 10 points (1 point for each question).
Learning materials For the purpose of the study, 15 ECG cases were prepared. Each case included basic information about the patient (age, sex), a single 12 -lead ECG recording, a comprehensive description of the recording, and a set of questions about the recording with answers. The questions were as follows: "Is it a sinus rhythm?", "Is the rhythm regular?", "What is the heart rate?", "What is the electrical axis of the heart?", "Is the PQ duration normal?", "Is the QRS duration normal?", "Is the QT interval normal?", "Are there any significant ST changes?", "Are there any pathological Q waves or QS patterns?".
ECG abnormalities presented during the course are listed in tAbLE 1. ECG cases were prepared by an experienced cardiologist and reviewed by 2 other cardiologists. The ECG course was based on the Polish recommendations on ECG interpretation, and all students were encouraged to use these materials during the trial. 14,15 self e -learning Students from the S -eL group received an ECG case with a comprehensive description by email every second day. They were encouraged to analyze the recordings but were not asked for any response during the course.
collaborative e -learning Students from the C -eL group received consecutive ECG recordings by email without any description. They were encouraged to analyze the recordings individually and answer the corresponding questions listed above within 24 hours. Afterwards, they were asked to cooperate in ECG interpretation within their subgroups using a dedicated internet platform and were expected to submit the final answers to a study coordinator within the next 24 hours. The discussion within each subgroup abnormalities on 12 -lead ECG. We hypothesized that it may result from ineffective education on ECG interpretation in medical schools. However, the optimal way to teach ECG interpretation skills is still being debated. 11 Current research focuses on learning ECG interpretation skills in a group setting. In this collaborative learning model based on a group discussion, students develop effective learning strategies using social interactions.
12 Other studies indicated that online collaboration such as asynchronous discussion also improves students' achievements.
13 Therefore, in our randomized study, we compared the effectiveness of 2 e -learning strategies in developing ECG interpretation skills among medical students: collaborative (C--eL) and self (S -eL) e -learning.
PAtIEnts And mEthods study group Students of the fifth year at the Faculty of Medicine of Jagiellonian University Medical College, Kraków, 16 we assumed that at least 75% of C -eL students and no more than 25% of S -eL students would be able to pass the final test. For an a level of 0.05 and a b level of 0.2, the minimal number of students in each group was 19. The significance level was set at an a level of 0.05. The statistical analysis was performed with the Statistica software version 9.1 (StatSoft, Inc. 2010, Tulsa, Oklahoma, United States), MedCalc version 11.6.1.0 (MedCalc Software, Mariakerke, Belgium), and STATA 14.1 (StataCorp, College Station, Texas, United States).
rEsuLts characteristics of the study groups A total of 60 medical students of the fifth year were enrolled to the study, including 21 men (35%) and 39 women (65%). They were randomized into 2 groups, C -eL and S -eL, each consisting of 30 students. The C -eL group was further divided randomly into 6 groups of 5 students each. The final test was taken by 53 students including 26 from the C -eL group and 27 from the S -eL group (P = 0.68), and only these students were included in the subsequent analysis.
Pretest The median (IQR) score obtained in the pretest was similar between the C -eL and S -eL groups: 10.0 (9.0-10.0) vs 9.0 (IQR, 9.0-10.0), respectively, P = 0.35. collaborative e -learning During the course, all C -eL subgroups answered all the ECG questions. After an individual analysis of the 15 ECG cases, students were able to correctly diagnose all ECG abnormalities in a median (IQR) of 2 (1-3) recordings. After collaborative working, the C -eL subgroups identified all ECG abnormalities in a median (IQR) of 8 (6-9) recordings.
The subgroups 1 to 6 achieved 140, 133, 147, 131, 136, and 145 points in ECG interpretation, respectively, and the median (IQR) score was 138 (133-145). The median numbers of correct answers to specific ECG questions during collaborative e -learning are shown in tAbLE 2. The least correct answers were collected for identification of QT-interval prolongation and ST-segment abnormalities.
Students' activity differed during the course between the C -eL subgroups: the number of words used in the discussion about ECG cases was moderated by a subgroup leader elected by the students. After submission of the final interpretation, students received the comprehensive description of the ECG case (the same which was sent to the S -eL students). The outcome of C -eL was measured by the sum of correct answers to each ECG case question (as listed above, 1 point per 1 correct answer) and the number of correctly diagnosed ECG abnormalities (1 point per 1 correct diagnosis). The maximum number of points that could be obtained by each group during C -eL was 170. To eliminate the risk of interaction between S -eL and C -eL students, S -eL was delayed to C -eL by 24 hours.
The activity of C -eL students during the course was assessed by the number of words written on the internet platform during discussion on each consecutive ECG case. The activity of S-eL students was not monitored.
Final test and study endpoint At the end of the study, students were invited to take an e -test, which was performed on the internet platform 1 week after completion of the last ECG case. The e -test consisted of 10 single -answer, multiple--choice, theoretical questions (1.5 minute for each question) and 10 ECG recordings (5 minutes for each recording). For every theoretical question, the student could achieve 0 or 1 point. The final score of ECG interpretation was a sum of points obtained from a single ECG recording. Student could collect a maximum of 1 point per ECG if all ECG abnormalities had been diagnosed. Otherwise, the student obtained a fraction of a point calculated as the ratio of correctly diagnosed abnormalities in a single ECG recording to the number of all abnormalities present on the ECG recording. The maximum score for this part of the test was 10 points.
Students passed the final e -test if they obtained at least 5.6 points (56% of the maximum score) for ECG interpretation. The cutoff of 56% is currently used in the final medical examination (Polish, Lekarski Egzamin Końcowy), which is taken by a The maximal number of correct answers was 15 (one for each ECG case).
Abbreviations: IQR, interquartile range worth noting that both modes of teaching used the same educational materials. These findings are consistent with the results of a meta -analysis which showed that e -learning is neither inherently superior nor inferior to traditional methods of teaching. 21 These results encouraged us to investigate the effectiveness of different e -learning strategies. In our study, 2 e -learning strategies were tested. The first (S -eL) represented a more traditional model of education in which students were provided with educational materials during the course and had their skills tested after completion of the course. In the second method (C -eL) students were expected to actively participate in the education process. Each of them was asked to analyze ECG in 15 different sessions and to respond to a set of questions. Then, students were invited to a group discussion about each ECG and were expected to decide together about the final interpretation. We think that the stimulating environment of collaborative e -learning was the main cause of a better outcome in the C -eL as compared with the S -eL group. Self -directed and presentation -based e -learning were recently compared by Fent et al. 22 In this randomized trial, students were provided with an internet -based, self--directed ECG teaching package containing 3-dimensional animations of the heart conductive tissue or standard presentations delivered by experienced cardiologists. Despite the fact that students gave positive feedback on the new method, there were no differences in ECG interpretation competency between the 2 studied groups at the end of the study. Of note, students were not permitted to ask questions regarding ECG interpretation or participate in any form of collaboration with other students during the course.
We found that the different C -eL subgroups showed a different level of collaboration during the course. Whether these differences in activity resulted from individual capabilities or other student activities at the time of the course remains a matter of discussion. Importantly, the intensity of collaboration correlated positively with the final score of each student. Therefore, we can assume that appropriate motivation of students to collaborate during ECG education may have significant impact on its results. This was highlighted by Raupach et al, 16 who revealed that a near -peer teaching, a method of teaching where an older student of the same faculty is a tutor, 23 was more effective than traditional seminars. Of note, the effect provided by near -peer teaching was lost when students were further motivated to work by a summative assessment.
Our study confirmed that a web -based small--group teaching is effective and well received by students as reflected by a low drop out rate. Moreover, this particular format of teaching could also be combined with other effective face -to--face methods, in a blended -learning fashion, to further enhance the effectiveness of ECG education. Recent reports of blended -learning courses were as follows (P <0.001): group 1, 4270; group 2, 4273; group 3, 5163; group 4, 2526; group 5, 1717; and group 6, 6408. This activity correlated with the score achieved by the groups during C -eL (r = 0.84, P = 0.04).
results of the final test in the collaborative and self e -learning groups The main endpoint of the study was achieved in 20 students (77%) of the C -eL group and in 13 students (48.1%) of the S -eL group, P = 0.03. The median (IQR) final score of ECG interpretation was 6.4 (5.8-7.6) in the C -eL group and 5.6 (4.2-7.2) in the S -eL group, P = 0.04. The number of correctly interpreted ECG recordings (all diagnoses in a single ECG recording made correctly) was higher in the C -eL than in the S -eL group (median [IQR] Students in the C -eL group were able to diagnose the following abnormalities more frequently than those in the S -eL group: ventricular extrasystole, junctional escape rhythm in third -degree atrioventricular block, left atrial enlargement, left axis deviation, first -degree atrioventricular block, left ventricular hypertrophy, and ST-segment elevation MI (FIGurE 1) .
The result of the theoretical part of the final test was similar between the C -eL and S -eL groups dIscussIon In this interventional study, 2 ECG e -learning strategies among fifth -year medical students were compared, and it was shown that collaborative e -learning results in better outcome than self e -learning. It was also shown that the effect of training was related to the theoretical knowledge of ECG gained throughout the course and to the level of students' activity during collaborative e -learning.
There is an ongoing debate on which strategy for teaching ECG interpretation provides the best results.
11 A recent survey revealed that the most frequently used strategy consisted of lectures and teaching rounds. 17 However, e -learning is used more often in medical education given the many advantages such as overcoming barriers of distance, facilitating methods inaccessible to other teaching strategies, and providing more individualized approach. 18, 19 Recently, O'Brien et al 17 estimated that 17% of ECG courses are organized using a web -based design.
In a review on ECG -learning strategies by Fent et al, 11 no method was identified as the most effective. E -learning and traditional ECG education were also compared in 2 recent randomized controlled trials. In a study by Montassier et al, 20 e -learning course on ECG was shown to be as effective as traditional lecture -based teaching. It is rounds that could differ between students. However, the study period was planned in between examination sessions to exclude potential distractions from the course. What is more, the course was facultative and we believe that only students interested in ECG learning applied. To minimize the potential role of additional academic commitments, the time from baseline to the final test was limited to 5 weeks.
It is estimated that competency in ECG interpretation can decrease from 30% to 50% during follow -up. 16, 24, 30 Nevertheless, there is evidence that the decline in ECG competency is inversely correlated with the final performance of students at the end of the course.
26 Based on this, we can assume that students in the C -eL group will perform better than the S -eL students in the future. But we also recognize that one teaching method might provide better retention of knowledge than others; therefore, there is still a need to confirm the long -term effect of collaborative learning of ECG interpretation in students or other groups of medical professions. We believe that our results may be used to appropriately plan such future trials.
We noted a similar dropout rate in the S -eL and C -eL groups: 13% and 10%, respectively. We speculate that because the participation in the final test was voluntary, some students decided to omit the test. An email was sent to each participant with a reminder about the exact time and place of the final test. We did not allow students to participate in another attempt because of the possible risk of interaction with other students.
Only fifth -year students were enrolled in the study, although in our previous study there were no differences in ECG competency between fourth-, fifth-, and sixth -year students. 10 A voluntary participation in the study might generate a disproportionate number of students more interested in cardiology or electrophysiology, which could have potentially introduced a selection bias.
conclusions Collaborative e -learning of electrocardiography among fifth -year medical students resulted in a better outcome than self e -learning. Its effect was related to the theoretical knowledge of ECG gained throughout the course and to the level of students' activity during C -eL.
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oPEn AccEss This is an Open Access article distributed under the terms of the Creative Commons Attribution -NonCommercial--ShareAlike 4.0 International (CC BY -NC -SA 4.0) License (http://creativecommons.org/licenses/ of ECG interpretation also highlighted their effectiveness. 24, 25 Additionally, an appropriate method of assessment is also a significant component of a good ECG teaching course. 16, 26 Our study shows that practical skills in ECG interpretation among medical students are poor despite a relatively good level of theoretical knowledge. This observation is consistent with the results of our previous web -based survey, in which most medical students of clinical years (86%) were able to correctly interpret the primary ECG parameters such as heart rate, heart rhythm, and electrical axis of the heart, but only 58% were able to identify common ECG abnormalities such as ischemia, rhythm disorders, and cardiac chamber hypertrophy. 10 In another study, an accuracy of 52% in interpreting various ECGs among final--year medical students from New Zealand was revealed. 27 Jablonover et al 28 reported an accuracy of 37% in ECG interpretation among 231 graduates. Although there is a considerable discrepancy in the accuracy (17% vs 63%) in ECG interpretation between students as reported by different studies, this basic competency seems to be inadequate. 9 strengths and limitations Our study has several strengths. First, to our knowledge, this is the first study to compare web -based small -group ECG teaching with standard e -learning. Second, a randomized trial design allowed us to minimize the allocation bias. Next, a web -based approach was useful to quantitatively assess the level of activity during collaborative e -learning, which would be difficult to obtain in a traditional mode of teaching.
There are also several limitations that should be considered. It was a single -center study and therefore it would be of value to validate our data in a larger sample of students from different medical centers. However, the ECG curriculum is not unified in medical universities in Poland; therefore, students from different universities might have a different level of ECG knowledge at baseline. This could bias the results of a multicenter study. Due to this limitation, to the best of our knowledge, all the studies that have compared 2 methods of teaching of ECG interpretation in medical students so far had a single-center design. 16, 20, 22, 24, 29, 30 In our study, we were able to enroll students at the same level of education with similar knowledge on ECG at baseline, as shown by the pretest results.
The final assessment was conducted a few days after completion of the study, which represents a short -term effect. We do not know if this effect lasted over time. However, the assessment of the long -term result could be significantly biased by differences in access to ECG education of the participating students after completion of the course. It is possible that some external factors may have influenced students' performance at the final test. During the study period, students participated in standard classes and clinical
